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(54) tWe: BATTERY WTTH AN IN-SITU ACmVAnCW PLATED LTTHIUM AKOTC 
(57) Abstract 

A / thin-film 
rechargeable battery 
includes a cathode film 
< 3 ); including a lithium 
cnmsition metal oxide, 
an electrolyte film (4) 
coupled to the caihode film, 
the electrolyte film being 
substantially nonreaciive 
with oxidizing materials and 
wich mctailic lithium, an 
anode current collector (5) 
coupled to the elcctroUtc 
film; and an overiying 
iayer (6) coupled to the 
anode curreni collector. 
The chin-film rechargeable 
battery is acD%'3icd during 
an initial charge by 
slccrrochcmicaj plating of 
a metallic lithium anode (7) 
ber^ccn the anode current 
collector and tne electrolyte 
film. The pteing of the 
anode during enlarging and 
the stripping q£ the anode 
layer during discharging arc 

essentially reversible. Thcrefcfc, almost no diminishmcnt of discharge capacitv- occois, even after many discharge and charge cycles. 
Other advantages include oo nced-fbr special packaging for shippcng and handling. The baticry eliminates the main dra-A-backs of the 
thin-film l>-ioG battery (high capacity loss during the initial charge) and of the thin-film Hthhim battery (^gh air-sensidviry at all dmes, 
ten^Jcratme.Uniaed to ^l()0 "C.,cg)ensive prepararion ciLlhe.lithiHm^aBode). The bai^ry survives -jffocessing coodidoos thai^xceed those 
of a soldeT TtiSow prrxess whhoot any si^~of " ^ ^ - - . 
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\ BATTERY WITH AN IN-STTU ACTTV ATICMS 

PLATED LITHIUM ANODE 

BACKGROUND OF THE INVEl>rnON 
Field of the Invention 

The invention relates generally to the field of batteries. Mon 
particularly, the invention relates to a rechargeable thin-film battery that 
produces a lithium anode via plating onto the anode current collector during 
initial use (activation) of the battery. 

Discussion of the Related Art 

The capacities of rechargeable lithium-ion batteries are presently limited 
by the positive cathode, which serves as the lithium source during the initial 
charge. The reason for the limitation lies in the significantly smaller reversible 
capacity of the catbode matoials, such as LiCo02 (140 milli-ampare-hqur 
gram (mAh/g)), Ul^Oj (190 mAh/g). LiMn204 (110 niAh/g),^ Lflv^e? 7 
(180 mAh/g), ccmqpared lo fite *be^ aiKtiie matedafe such as carbmjs aiSi tof -t^ 
oxide S3d its desi^s^sYes^ Tbesersaoodss^ 

materials, have the unfortunate cfaarKtmstk of consuming a significant amount 
of lithiiim during the initial charge of the lithium-ion (Li-ion) battery. For an 
optimal battery system, the irreversible charge/discharge capacity loss of a 
selected anode material should be as small as possible in order to utilize as 
much of the cathode as possible. 

Although considered the best anode material for thin-film batteries as far 
as electrochemical performance and the mimmal initial capacit\' loss are 
concerned, the lithium metal anode has tv^'o major drawbacks. First, the 
deposition of liihiimi metal complicates the fabrication process of the battery 
and the as-fabricated air-sensitive lithiimi battery needs special packaging for 
shipping and handling. Second, due to the low melting point of lithium 
(ISl'^C), such a lithium battery is practically limited to about lOO^^C and does 
not survive the temperatures of about 250*^0 associated with the solder re-flow 
process, which is commonly used to assemble integrated circuits. 



SUMMARY OF THE INVENTION 

To avoid the inherent c^jacity loss of lithium-ion (Li-idn) batteries and 
circumvent the fabrication of a lithium anode, it is hi^y desirable to 
prepare a litiiium battery precursor with "no" anode at all. To this end a lithium 
metal anode can be formed in-situ during the initial charge by plating lithium on 
an anode cxirrent collector, which does not form inter-metallic compounds with 
lithium. The anode ctxrrent collector is sandwiched between a solid 
electrolyte and an overlying layer. 

A first aspect of the invention is implemented in an embodiment that is 
based on a thin-film rechargeable battery comprising a cathode film including a 
litfiium transition metal oxide; an electrolyte 61m coupled to the cathode fihn; 
the electrolyte film being substantially nonreactive with oxidizing materials and 
with metallic lithium, an anode current coUectCH- coupled to the electrolyte film; 
and an overlying layw coupled to the azKsde current collector, wt^rdn the^thin- 
fibn rech£ffg6^^ battery is activated cbmm^ 
of a n^taffic tidlium^ 
eleetrotyteffim. 

A second aq>ect^of die i n v Mi tia n is jgqijlgacBted in an e mhofHrne nt tiai^ 
is based on method for forming a thin-film battery comprising providing a 
substrate, depositing a cathode current collector on the substrate, depositing a 
cathode film on the cathode current collector where the cathode film includes a 
lithium transition metal oxide, depositing an electrolyte film on the cathode 
film, depositing an anode current collector on the electrolyte film, and 
depositing an overlying layer on the anode current collector. 

The term coupled, as used herein, is defined as connected, although not 
necessarily directly, and not necessarily mechanically. The term substantially, 
as used herein, is defined as approximately (e.g., preferably within 10% of, 
more preferably within 1% of, most preferably within 0.1% of). 

These, and other, goals and aspects of the invention will be better 
appreciated an^ undemoo^ whra considered iiTconjmictio 
description and the accompanying drawings. It should be understood, however, 
that the following description, while indicating preferred embodiments of the 




invention and nmnoous specific (trails thcfcoC is given by way of illustration 
and not of limitation. Many changes and modifications may be made within tte 
scope of the invention without departing fix>m the spirit thereof and the 
invention includes all such modifications* 

5 BRIEF DESCMFnON OF THE DRAWINGS ^ 

A clear conception of the advantages and features constituting the 
invention, and of the components and op^ation of model systems provided with 
the invention, will become more readily apparent by referring to the exemplary, 
and therefore nonlimiting, embodiments illustrated in the drawings 

1 0 accompanying and forming a pan of this specification. It should be noted that 

the features illustrated in the drawings are not necessarily drawn to scale. 

Figs. 1 A and IB show two schematic views of a battery (Fig. I A before 
activation; Fig IB after activation), r^resenting an embodiment of the 
inventioifc. 

1 5 Fig. 2 shows a cpn^ffisqo offl^ _ 



conventional dnn-fifaxi litfaimn l^att^ (^^^^ ™ 
in-situ pl^ed IMtium aiK>de (sohd ImBX i^t eswiti ng m embQ&iMS 6f ilie 

invention." . ^ ' 

Fig. 3 shows the discharge capacit>' as a function of cycle number for a 
20 battery having an in-sim plated lithium anode, representing an embodiment of 

the invention. 

Fig. 4 shows an initial cycle of a thin-film lithium battery with in-situ 
plated lithium anode, but without the overlayer 8. 

Fig. 5 shows the cyclical performance of the battery given in Fig. 4, 
25 Fig. 6 shows the cyclical performance of another batterv' having an in- 

situ plated lithium anode representing an embodiment of the invention. 

DESCRIPTION OF PREFERRED EMBODIMENTS 

A rechargeable thin-film battery according to the invention is referred to 
herein as a banery with an in-situ activation plated anode. The invention and 
30 the various features and advantageous details thereof are explained more fully 

with reference to the non-limiting embodiments that are illustrated in the 



accompanying drawings and detailed in ttie following doctiption of pi c f ared 
embodiments. Descriptio^ of well-known components and processing 
techniques are omitted so as not to unnecessarily obscxire the invention in detail. 

The banery with an in-situ activation plated anode is provided in an as- 
fabricated state including a cathode, an electrolyte film, an anode currrat 
collector, and an overlying layer. The cathode can be made of LiCoCh, 
LiMn204 etc. The electrolyte fihn is made of a solid inorganic material. This 
solid inorganic material can be Lipon. Lipon is defined herein as lithium 
phosphorus oxynitride, which is an amorphous inorganic compound having an 
optimal stoichiometry of approximately Lia ^PC^ aNo 46- Lipon and lithium 
batteries are described by U.S. Patent Nos. 5,612,152; 5,597,660; 5,569,520; 
5,567,210; 5,561,004; 5,512,147; 5,455,126; 5,338,625; 5,332,906; and 
53 14,765, all of which are incorporated herein in their entirety. 

The thin*film n^al anode current collector does not form int^-metallic 
conqpKHUKb with titlui^ and can be made of Sc, Ti, V, Gr, Mn, Fe, Co, Ni, Cu, 




slK^h^I^on. Theov€ri>itigJ^yer <^^a^ 



Tl^ battery in the as- fabricated state has no anode material. In the as- 
fabricated state, the battery is not air-sensitive. The battery in this state siavives 
heating at 250°C in air for 10 minutes without charge/discharge capacity 
degradation. This heating is comparable to that encountered in conventional 
solder re-flow techniques. 

The battery is activated during an initial charging of the battery. During 
the initial charging the in-situ activation plated anode is formed by 
electrochemical plating of metallic lithium on the anode current collector which 
is located between the electrolyte layer and the overlying layer. The lithium 
metal can be reversibly deposited and removed by plating and stripping of 
metallic lithium metal from the elecixoljle/anode current collector interface 
without any signs of degradation. During the deposition and removal of lithium 
metal the anode current collector along with the overlay er is lifted up and set 
dov^Ti from/onto the electrolyte layer, respectively. 



This process becomes hi^y reversible only^wha an ovstying film is ^ 
deposited onto the anode current collector. Then, the battery with an in-situ 
activation plated anode performs as a lithium thin-film battery thai is configured 
with the respective cathode. The coulombic cflBciency of the lithium metal 
plating and stripping process approaches 100% when the lithium metal is 
completely stripped during discharge of the tottery. 

Figs. I A-IB illustrate schematic views of the batt^y of the present 
invention at different charge states. Typically, a cathode curroit collector 2, 
such as gold or platinum^ approximately 3000 A thick, is deposited onto an 
alumina substrate 1 by sputtering of the respective metal target in argon. The 
alimiina substrate 1 can be replaced by other ceramic substrates suitable for thin 
film batteries such as silica, zirconia, or AIN (aluminum nitride), by 
semiconductors such as silicon or germanium, by a metal foil (Al, Ti, stainless 
steel, etc-)» or in some casesjsee below) by a pla^c substrate. 
' / A CTApde fflntSi that is from amm>xim^ty O.Ol to 5 microns thick, 
^^^^^^^^im^^^^^fmk^onde sui± as LiCo02 or LiMn204, is 
^<^^^^^^pfeggj^l^Ode^^ ?-by-physicai or cfaonical diin-film 

techmqiuisy ^2C& as spottmng, ele^^ After 
deposition of cathode film 3 and collector 2, the substrate 1 is placed in a 
furnace and healed in air or in a flowing gas atmosphere of O2, NS/Ar, H2, or 
mixtures thereof, to a temperature of fix>m approximately 400 to 900°C in order 
to crystallize the cathode film 3 and adjust its stoichiometry. The cathode film 
3 can also be used in an as-deposited amorphous state with no subsequent heat 
treatment after deposition in which case the battery can be fabricated on a 
plastic substrate. 

An electrolyte film 4, approximately 1 -2 microns thick, can be made of 
lithium phosphorus oxynitride deposited over the cathode film 3 by radio 
frequency magnetron sputtering of a Li3P04 target in N2 at pressxu-es bers^'een 
approximately 3 to 20 mTorr at a deposition rate of approximately 10 - 200 
.Vmin. Lithium phosphorus oxynitride provides the desired properties of a 
lithium electrolyte, including stabihty against metallic lithitim, and stability 
against the cathodes (up to 5.5 volts versus lithiimi). Lithium phosphorus 



oxynitridc also provids a low Li+ ion resistance of ^approximately SO ohms per 
square centimeter for a one-niicrom^er film, and an Li-*- ion transport number 
of unity, (i.e., Li+ is the only mobile species). 

An anode current collector 5, ^proximately 0.005 to 20 microns, 
preferably approximately 0.05 to 2 microns thick, is deposited on top of the 
electrolyte fihn 4. The anode current collector 5 is made of a material that, in 
general, does not form inter-metallic compounds with lithium. Examples 
include scanditmi, titaniimi, vanadium, chromiim:!, manganese, iron, cobalt, 
nickel, copper, yttrium, zirconitmi, lanthanum, hafiaiimi, molybdenum, 
lahtalum, txmgsten, or titanium nitride, etc. The anode current collector 5 
should be thermodynamically stable with regard to a plated lithixmi metal 7. 

Finally, an overlying layer 6 is deposited over the anode current 
collector 5. This overlying layer 6 can approxiniately range from apjHOximately 
0.0 1 to 30 microns, preferably from approximately 0.1-3 m in tfiickness. The 
ovoiying layer 6 can exert a mechanical pressure similar to a sfning load on the 
— -<:^ aaoi& current c^ as to ^commodate large volume diangs dimx^ 

ov^iying layer can be made of a ntiaterial sodi as litfaii^ 

oxynitride, aluminium nitride, etc. Some preferred embodiments use aluminium 

) nitride. ^ 

The overlying layer 6 provides a limited reaction with metallic lithium, 
and forms an impervious barrier to transport of atomic lithium. The overlying 
layer also acts as an electronic insulator, and maintains a smooth flat interface 
upon accumulation of the underlying, electrochemically plated lithiimi anode. 

5 Lithium phosphorus oxynitride provides these desired overlying layer 

properties. 

The sandwich structure of the battery with an in-situ activation plated 
anode includes the electrolyte film 4 on the bottom, the anode current collector 
5 in the middle, and the overlying layer 6. The sandwich structure is configxired 
0 " To ensure that the electrochemically plated lithium' metal 7 is confined to a 

predetermined geometry. The sandwich structure also prevents formation of a 
fluffy or mossy lithium morphology^ that is commonly observed when plating 



lithium metatonto metal current collectors that do not fomi intCT-metallic 
compounds with lithiimi. 

Since the as- fabricated battery does not contain any air-SOTsitive anode 
material, the battery can be handled for hours in ambient conditions, or more 
preferably in a dry environment without the need for any protective coating. In 
order to ensinre a long shelf life, the battery can be hcnn^cally sealed inside a 
plastic b^ or any other suitable container, or optionally a protective coating 8 
that is impervious to moisture and does not react with the overlying layer 6. 
Protective coating 8 can be directly deposited onto the battery. For the plastic 
bag or the protective coating, plastic films such as polytetrafluoroethylcnc, 
polyethylene, parylene, etc., can be used. During operation, the battery with an 
in-situ activation plated anode can be heraietically sealed by ultraviolet-cured 
epoxy (not shown) or a ceramic cap (not shown) such as sintered AIN, Si3N4 
etc,, which, in tixis case, makes the protective coating 8 imnecessaiy. 

Alternate Embodknents 
Alternate embodiments of die batteary include those that ii KOg p o r a te very 
tfain-fifan anode currmt coflectors, that do not forai furteer inter-n^eialfic 
compounds with Uthiimi after being saturated with lithium during battery 
charge. After saturation, these anode current collectors virtually convert into 
lithivim metal due to the very high concentration of lithium compared to the 
constituent element in the anode current collectors. Examples of such anode 
current collectors include Mg, Ca, Sr, Ba, B, Al Ga, In, Tl, C, Si, Ge, Sn, Pb, 
Sb, Bi, Zn, Pd, .\g, Cd, Pt, Au etc., and alloys thereof. In addition, typical 
anode compounds such as SnO, SnO^, SiTON, LL^TiiOi: can be used as the 
very thin lithixim-alloying layer. SiTON is defined herein as silicon tin 
oxvnitride and is an amorphous, tnprganic compound having a stoichiometrv' 
SiaSnbOyN'z where a + b=2, y is less than or equal to 4, and z is larger than zero, 
but less than or equal to 2.67. A typical SiTON composition is SiSno.gONi 9, 
although one important SiTON composition is SnNij3. 

The overlying layer 6 can be replaced by other films showing the 
required electrical, chemical and mechanical properties. Examples of such 
films include BeO, MgO, CaO, SrO, BaO, BN, AIN, SiO., Si3N4, Si2N20, 



SC2O3, YzCh. La203, Th02, Li2Be203, Li4Be03, Li5A104, Li4Si04, LtsSiOb, 
LiScCb, LiYCb, LigZi06 , LiCe02, LiF, LiCU LiBr, LU. and derivatives thereof. 

Also, the overlying layer 6 can be replaced by other films that form an 
impervious barrier to transport of atomic Uthium while maintaining a smooth 
5 flat interface for accumulation of the underlying, clectrochenucally plated 

lithium anode. Metals in which lithium shows virtually no solubility, such as 
Be, Zx, Ta, W etc., and alloys thereof can be used. In addition, plastics such as 
polytetrafluoroethylene, polyethylene, parylene etc. can be utilized in fibn form 
for this purpose. 

1 0 The particular material selected for the various layers of the battery with 

an in-situ activation plated anode is not essential to the invention, as long as 
each of the materials provides the described fimction. Normally, those who 
make or use the invention will select the best commCTcially available material 
based xspon the economics of cost and availability, die expected q[»plication 

1 5 requirements of the final product, and the demands of the ovcthH mamafactmu^ 

process. ' 

The particular rn^""f^^^^ring pmceM umd for the feaitefx^wi^ 
activation plated anode should be inexpeasi ve and reproducible. OmveaMitiy, 
manufactiire of a battery with an in-situ activation plated anode ofthe invention 
20 can be carried out by using many different deposition methods for the various 

layers. 

However, the particular manufacturing process used for the battery with 
an in-situ activation plated anode is not essential to the invention as long as it 
provides the described functionality. Normally, those who make or use the 
25 invention will select the manufacturing process based upon tooling and energy 

requirements, the expected application requirements ofthe final product, and 
the demands ofthe overall manufacturing process. 

Examples 

Specific embodiments of the jnvention will now be further described by 
30 the following, non-limiting examples which serve to illustrate in some detail 

various features of significance. The examples are intended merely to facilitate 
an understanding of ways in which the invention may be practiced and to 
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further enable those of skill in the art to practice the invention. Accontingly, the 
examples should not be construed as limiting the scope of the invention. 

Example 1 - Copper AiKxle Ciirrent Collector 
Figure 2 shows a comparison of the rate capability of a battery with an 
in-situ activation plated lithitmi anode (solid lines) and a conventional lithium 
battery (dashed lines), cycled between 4.2 volts and 3.0 volts. The voltage 
window varies with the choice of cathode material; LiMn204 (4.5-2.8V), 
LiNiOz (4.2-2.5 v), LiVjOj (3.6-2.5V), etc. Each of the battmes had an area of 
one square centimeter. The battery with an in-situ activation plated Uthium 
anode had a one micron thick Lipon overlying layer, a thousand angstrom thick 
copper anode current collector, a two micron thick Lipon electrolyte film, a one 
micron thick LiCo02 cathode film, and an in-sim plated lithiimi anode. The 
conventional lithium banery had a three-micron thick lithium anode, a one 
micron thick Lipon electrolyte layo-, md a one micron thick LiCoO^ calhode , 

film. ^ . s^::^^ — 

The bactfflry with an mrSttB activ^OB plated 
dtuing the initial charge. During t^ initial cti^rge, metallic H^um was plated 
between the anode current collector and the Lipon electrolyte layer. The ^ 
capacity is given in units of micro-ampere hours (u.Xh) per unit of area and per 
micrometer thickness of LiCo02 cathode. 

The cycle performance as a function of voltage \\indow and cycle 
number is illustrated in Figure 3 for one embodiment of the invention. Figure 3 
shows the discharge capacity of a 1 cm2 battery with in-situ plated lithium 
anode of the construction 1 jam Lipon / 1000 A Cu / 2 urn Lipon / LO urn 
LiCo02 as a function of cycle number. The battery was heated at 250 in air 
for 10 minutes prior to the initial charge in order to simulate a heat treatment 
that exceeds the conditions encountered during a solder re-flow process. The 
battery with in-situ plated lithium anode was cycled between 4.2 volts and 3.0 
volts. In this voltage range, vinually all of the reversible cycled lithium was 
stripped and re-plated underneath the copper anode current collector during 
discharge and charge of the battery, respectively. The data shows that almost 
the entire amount of lithium that was plated during the initial charge can be 
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rcversibly cycled. With this complete lithium turnover, the cycle stability 
remains excellent and shows no measurable capacity loss afte/SO cycles in this 
voltage range. When operated at a low current density of 5 jiA/cm\ the batt«y 
with an in-situ activation plated lithium anode nearly yields the theoretical limit 
5 of 100% cathode utilization, which is fixed at 69 |xAh per cm^ for a 1 .0 ^m 

thick LiCo02 cathode. 

The capacity supplied by the example 1 battery at 5 |xA/cni2 between 
4.2 volts and 3.0 volts is represented by Ae filled circle at cycle no, 5 1 in 
Figure 3. This capacity is readily compared with the maximum reversible 
1 0 capacity of a battery equipped with a 1 cm^ by 1 \xm large LiCo02 cathode j 

indicated in Figure 3 by the dashed line. This comparison clearly demonstrates 
the unexpected excellent reversibility of the lithium stripping and plating 
process for batteries with in-situ activation plated lithium anodes. Also, note 
that the coiilombic efficiency, i.e., the rado of discharge capacity and di^e 
15 capacity of the preceding half <yc^ is nearly lOG^ 
As previously mentiodc4 



lithium ano^ shown mFigure3JS^|^^i^^^^^^^^^^^^ 
prior to the initial charge. This heal tiealiicii^'M«^^ 



encountered during a solder re-flow process, and the reversible capacity 
20 supplied at the given current density of 100 |iA/cm^ is virtually the same as for / 

unheated conventional Li/LiCoQ? thin-film batteries. Therefore, the battery with 
an in-situ activation plated lithiimi anode is shown to be capable of surviving a 
solder re-flow assembly without any signs of degradation in cell performance. 
Figure 4 shows that a thin-film battery with an in-situ activation plated 
25 lithium anode on a copper anode current collector without the Lipon overlying 

layer loses almost 50% of its initial charge capacity during the first discharge. 
The battery evaluated in Figure 4 includes a 1 cm^ 1500 A Cu / 2 \xxn Lipon / 
1 ,7 jam LiCoOa battery without a Lipon overlying layer. 

Over the next 70 cycles, the cycling performance of the battery without 
30 the Lipon over fying layer deteriorates dr^ 

Figure 5 shows the cycling perfomiance of a 1 cm* 1 500 A Cu / 2 jim Lipon / 
1.7 urn LiCo02 batter>' without the Lipon overlying layer. Figs 4-5 clearly 
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identify the benefit of the above-mentioned Lipon ovolying layer which 
enables the battery to reversibly plate and strip metallic lithium in a controlled 

fashion. 

The benefit of the Lipon overlying layer is further corroborated by the 
5 observation made under a scanning electron microscope that the top surface of 

the battery with an in-situ activation plated lithium anode remains smooth after 
1 000 cycles- In contrast, batteries without the Lipon overlyipg layer show a 
very rough surface consisting of the anode cxnrrent collector and mossy metallic 
lithium, after only a few cycles. 

j 

10 Example 2 - Cobalt Anode Current Collector 

Figure 6 shows the cyclical performance of a second example of the 
battery with an in-situ activation plated lithium anode. The second example has 
an area of I cm^ and a construction of 1 jam Lipon / 1000 A Co / 2 )im Lipon / 
0.9 ^m liCoOj. In .thc voltage range of 42 to 3V0 v^^ ^ortualfyiadl of the 

15 tevecable ^^gted titfapn A¥a^ 

amxie curr^ collector (hmzsig^d^^^^ 

The capacity ^q^lied zl 5 ^A/cm^ 6^ at cycle 

no. 52) nearly yields the maximum reversible capacity of a battery equipped 
with a 1 cm^ x 0.9 micron large LiCoO^ cathode, which is indicated in Figiare 6 
20 for comparison. 

Practical Applications of the Invention 
A practical application of the invention that has value within the 
technological arts is to generally replace conventional thin-film rechargeable 
lithium batteries where the lithium anode is deposited in a separate fabrication 
25 step, such as thermal evaporation of lithium metal in a vacuum of 10^ mbar or 

better. In contrast to conventional thin-film lithium batteries, the battery of the 
present invention can be integrated into electronic circuit boards using the 
solder re- flow technique. There are virtually innumerable uses for the 
invention, all of which need not be detailed here. 
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Advanti^esof the Inveoticn ^ 
Because stripping of the entire metallic htfaitun anode is substantially 
reversible, the battery with an in-situ activation plated anode cannot be over- 
discharged, even if shorted. By fully discharging, the battery with an in-situ 
5 activation plated anode can be returned to its as-fabricated state at any time after 

the initial charge. 

Hermetically sealing of the battery inside a plastic bag or directly 
applying a protective coating to the battery with an in-situ activatio«i plated 
anode gives the battery a long shelf life. The plastic bag or the protective 
1 0 coating is preferably substantially inipervious to moisture and does not react 

with the overlying layer. 

Because the banery with an in-situ activation plated anode has no anode 
in the as-fabricated state, high capacity loss during the initial charge, which is a 
mayor problem for hthitmi ion thin-film batteries, is eliminated. Also, the 
1 5 ~ __lK£ttesry^witti ait^£p^r$ttu:a^ atiode rfmimates the drawbacks of a 

T^iS^^^ii^^S^^II^^^I^^^^S^ a litfuum m^ film, 

^ffi re-flow processing. 

- 'tbsi hS^B^y^S^iHaoam^ jarcCAcnis af tise fidmmi-ion battay 

and tiie lithium battery t^ are outlined above. The battery can be handled and 
20 processed as a lithium ion or an "anode^Wss" lithium battery prior to the^initial 

charge. The battery can be handled and processed as a lithium ion or an 
"anode-less" lithium battery after charging, provided the plated hthium has been 
completely stripped from the anode ciirrent collector. During electrochemical 
cycling, however, the battery operates as a litiiium battery and utilizes the 
25 amount of lithium that is supplied by the cathode. The battery exceeds the 

requirements for the solder re-flow process, showing no signs of degradation in 
cell performance after being heated at 250 °C in air for 10 minutes. 

All the disclosed embodiments of the invention described herein can be 
realized and practiced without undue experimentation. Although the best mode 
30 of canying out the invemion contemplated by the inventors-i^ 

practice of the invention is not limited thereto. Accordingly, it will be 



appreciated by those skilled in the art that the invaition may be practiced ' \ 
otherwise than as specifically described herein. 

For example, the individual components need not be formed in the 
disclosed sh^«, or assembled in the disclosed configuration, but could be 
5 provided in virtually any shape, and assembled in virtually any configuranon. 

Further, the individual components need not be fabricated fix>m the disclosed 
materials, but could^be fabricated from virtually any suitable materials. Further, 
although the battery described herein can be a physically separate module, it 
will be manifest that the battery with an in-situ activation plated anode may be 
10 integrated into the apparatus with which it is associated. Furthermore, all the 

disclosed elements and features of each disclosed embodiment can be combmed 
with, or substituted for, the disclosed elements and features of every other 
disclosed embodiment except where such elements or features are mutually 
exclusive, ^ ^ 

will be mmifest ttei various additions, modific^ons aaid 



kr-p^^^t^s ™ay be made without devia&i^ 

l::!:..^^ concept. It is intended Itot 

the scope of the invention as defined by the appended claims and Aeir 
equivalents cover all such additions, modifications, and rearrangements. The 
20 appended claims are not to be interpreted as including means-plus-function 

limitations, unless such a limitation is explicitly recited in a given claim usiag 
the phrase "means-for.** Expedient embodiments of the invention are 
differentiated by the appended subclaims. 



CLAIMS 



What is claimed is: 



1 1 . A thin-film rechargeable battery, comprising: 

2 ^ a cathode fifan iiKiuding a hthiimi transition metal oxide; 

3 an electrolyte film coupled to the cathode fifan, the electrolyte fihn being 
M substantially non-reactive with oxidizing materials and with metallic lithium; 

5 an anode cmroit collector coiipled to the electrolyte film; and 

6 , an overlying layer coupled to the anode current collector, wherein the 

7 ^ thin- film rechargeable battery is activated during a charge by electrochemical 

8 plating of a metallic lithium anode between the anode current collector and the 

9 electrolyte film. 



r - -1 - 2. The flun-fifan rechargeable batt^ of claim 1, wherein: 
'?!'^'^t5I^^^^^^~"?S" - " '- ^B^mode cmrmt collector substantially avoids formation of inter- 

^w-^^^?^ :f3 - ^n^alBc cosztpounds wititi li^um; and 

^ _ _ „ overlying layer is substantially noot-reactive with lithium. 

1 / 3. The thin-film rech^geable battery of claim 1 , wherein the 

2 overlying layer, the anode cxirrent collector, and the electrolyte film provide: 

3 essentially reversible stripping of the metallic lithium anode during a 

4 first discharge of the thin-film rechargeable battery; 

5 electrochemical plating of a plurality of subsequently plated metallic 

6 lithium anodes during corresponding charges of the thin- film rechargeable 

7 baner>% the plating of each of the subsequently plated metallic lithium anodes 

8 occurring after a corresponding discharge of the thin-film rechargeable battery; 

9 and 

1 0 essentially reversible stripping of the subsequently plated metallic 

11 . lithiuni anodes during-subsequent discharges of the thin- film rech^^ 

12 baner\'. 



4. The thin-film rechargeable battery of claim I , wherein the 
overlying layer, the anode current collector and the electrolyte film are 
configured lo confine the metallic lithium anode. 

5. The thin-film rechargeable battery of claim 1, fiuthCT 
comprising: 

3 a cathode current collector coupled to the cathode film; and a substrate 

4 coupled to the cathode current collector. 

1 6. The thin-film rechargeable battery of claim 1 , wherein the 

2 overlying layer acts as an insulator; 

3 provides an impervious barrier to atomic lithium transport; and 

4 is respGiisive to the ^ectrocfaenttcal plating of a m^allic 

5__ so as to maintain a substantially flat OTrEace. . 



1 7. The thin-fihn rechargeable battery of claim 1, i^^ioein Ae 

2 overlayer includes at least one mataial selected firom the group consisting of 

3' lithium phosphorus oxynitride, aluminium nitride, BeO, MgO, CaO, SrO, BaO, 

4 BN, AIN, Si02, Si3N4, Si2N20, SC2O3, Y2O3, La203, Th02, Li2Be203, LiaBe03, 

5 L15A1O4, Li4Si04, LigSi06, LiSc02, LiY02, LigZT06, LiCeOi, LiF, LiCl LiBr, 

6 Lil, Be. Zr, Ta, W, polytetrafluoroethylene, polyethylene, and parylene. 

1 8. The thin-film rechargeable batterv' of claim I , wherein: 

2 the electrolyte film comprises lithium phosphorus oxynitride having a 

3 thickness of firom approximately 1 10 approximately 2 microns; and 

4 the overlying layer comprises lithium phosphorus oxynitride having a 

5 thickness of from approximately 0.1 to approximately 3.0 microns. 
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9. The thin-film rechargeable battery of claim 1 , having less than 
five percent discharge capacity' loss after: 
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3 tieating at approxiinately 250^C for approximately ten minutes prior to 

4 the initial charge; and 

5 at least fifty charge and discharge cycles in a voltage range of fipom 

6 approximately 4.5 to approximately 2.5 volts. 

1 10. The thin- film rechargeable battery of claim 1, wherein: 

2 the cathode film has a thickness in a range from approximately 0.01 to 

3 approximately 5.0 microns; and 

4 the lithiimi transition metal oxide comprises lithixmi and oxygen , and at 

5 least one element selected from the groups consisting of columns IB* VIII B of 

6 the periodic table. 

1 11. The thin- film rechargeable battery of claim 1 , further comprising 

2 a protective coating coiqpled to overlyii^ layer» the protective cc^ting being 

3 substantially impervious to moisture azni substantially nonreytive wfesti tiST^ 

4 overlying layer. : 

1 12. The thin- film rechargeable batt^ of cLadm'2,^^ 

2 \ the anode current collector has a thickness of from approximately 0.05 

3 to approximately 2 microns; and 

4 the anode current collector includes at least one manber selected from 

5 the group consisting of scandiimi, titanixmi, vanadium, chromium, manganese, 

6 iron, cobalt, nickel, copper, yttrium, zirconium, lanthanum, hafnium, 

7 molybdenum, tantalum, tungsten, and titanium nitride. 

1 13. The thin- film rechargeable bacter>' of claim 3, wherein the 

2 overlying layer accommodates volume changes during the reversible stripping 

3 and the electrochemical plating. 

1 14. The thin-film rechargeable battery of claim 5, wherein the 

2 cathode current collector: 

3 includes a noble metal; and 
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4 ^ ^ has a thickness in the range of finom approximately 0.02 to 

5 approximately 1 micron. 

1 1 5. A method for forming a thin-film battery, comprising: 

2 providing a substrate; 

3 depositing a cathode currrat collector on the substrate; 

4 depositing a cathode film on the cathode current collector, the cathode 

5 fihn including a lithium transition metal oxide; 

6 depositing an electrolyte film on the cathode film; 

7 depositing an anode current collector on the electrolyte film; 

8 depositing an overlying layer on the anode current collector, and 

9 plating metaUic lithium between the anode current layer and the 
1 0 electrolyte film, the metallic lithium forming an anode. 

1 16, Tt^ method of claim IS, wiKTCTi: . 7 

2 dqx>sxting the electrolyte fitea i&ludes sp 

3 nitrogen-rich atoK^piiiefe. - 

1 17. The method of claim 15, further comprising heating the cathode 

2 film and cathode current collector coated substrate in a flowing gas atmosphere 

3 to a temperature in the range of approximately 400 to 900 °C. 

1 18. The method of claim 15, wherein: 

2 the cathode current collector includes a noble metal; and 

3 depositing the cathode current collector includes sputtering a target 

4 made of a noble metal in an argon atmosphere. 



! 19. The method of claim 16, wherein: 

2 sputtering of the Li:.POi target includes radio frequency magnetron 

3 sputtering; and 

4 the deposition rate of the depositing of the electrolyie film is in a range 

5 fi-om approximately 10 to 200 angstroms per minute. 
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BACKGROUND OF THE INVENTION 
Field of the Inyention 

The invention relates generally to *e field of batteries. More 
particularly, the invention relates to a rechargeable thin-film banery that 
produces a lithium anode -via plating onto the anode current collector during 
irutial use (activation) of the banery. 

I 

Discussion of the Related Art 

The capacities of rechargeable lithium-ion batteries are presently limited 
by the positive cathode, which serves as the Uthium source during the initial 
charge. The reason for the limitation lies in the significantly smaller reversible 
capacity of tiie cathodemaierials, such as UC0O2 (140 milli-ampere-hour per 
_____ gram"(H|Sg))rfJ^P2(l^ LiMn204 (110 mAh/g), or LiMn02 

(1 80^ri^Si^n^^"*«»"^ materials such as carbons and tin 

<»ude &ite7^vati>^ These anodes, in particular the tin oxide based 
materials, hav? the unfortunate characteristic of consuming a significant amount 

of lithium during the initial charge of the Uthium-ion (Li-ion) battery. For an 
optimal battery system, the irreversible charge/discharge capacity loss of a 
selected anode material should be as small as possible in order to utilize as 
much of the cathode as possible. 

Although considered the best anode material for thin-film batteries as far 
as electrochemical performance and the minimal initial capacity- loss are 
concerned, the lithium metal anode has tv.'0 major drawbacks. First, the 
5 deposition of lithium metal complicates the fabrication process of the baner>- 

and the as-fabricated air-sensitive lithium banery needs special packaging for 
shipping and handling. Second, due to the low melting point of lithium 
(18 PC), such a lithium battery is practically limited to about lOCC and does 
not survive the temperatures of about 250*=C associated with the solder re-flow 
0 process, which is commonly used to assemble integrated circuits. 



SUMMARY OF THE INVENTION 

To avoid the inherent capacity loss of lilhium-ion (Li-ion) batteries and 
circumvent the fabrication of a lithium metal anode, it is highly desirable to 
prepare a lithium banery precursor with "no" anode at all. To this end a lithium 
metal anode can be formed in-sicu during the initial charge by plating lithium on 
an anode current collector, which does not form inter-metallic compounds with 
lithium. The anode current collector is sandwiched between a soHd state 
electrolyte and an overlymg layer. 

A first aspect of the invention is implemented in an embodiment that is 
based on a thin-film rechargeable banery comprising a cathode film including a 
lithium transition metal oxide; an electrolyte film coupled to the cathode film; 
the electrolyte fibn being substantially nonreactive with oxidizing materials and 
with metallic lithium, an anode current collector coupled to the electrolyte film; 
and an overlying layer coupled to the anode ctirrent coUector, wherein the thin- 
film rechargeable battery is activated dttring a charge by electrochemical platii^ 
of a metallic lithium anode between the anode ctirreat collector sad tte " 7Z 

electrolyte film. — 

A second aspect of the invention is impleniCTted in an embodimoit thai 
is based on method for forming a thin-film battery comprising providing a 
substrate, depositing a cathode current collector on the substrate, depositing a 
cathode film on the cathode current collector where the cathode film includes a 
lithium transition metal oxide, depositing an electrolyte film on the cathode 
film, depositing an anode current collector on the electrolyte film, and 
depositing an overlying layer on the anode current collector. 

The term coupled, as used herein, is defined as connected, although noi 
necessarily directly, and not necessarily mechanically. The term substantially, 
as used herein, is defined as approximately (e.g., preferably within 10°/o of, 
more preferably within 1% ot^ most preferably within 0.1% of)- 

These, and other, goals and aspects of the invention will be berter 
appreciated and understood when considered in conjunction with the foliowlng 
description and the accompanying drawings. It should be understood, however, 
that the following description, while indicating preferred embodiments of the 
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.nvention^d numerous specific details Wreof. is given by way of .llostration 
and not of limitation. Many changes and modifications may be made wUhin the 
scope of the invention without departing from the spirit thereof, and the 
invention includes all such modifications. 

BRIEF DESCRIPTION OF THE DRAWINGS 
A clear conception of the advantages and features constituting the 
invention, and of the components and operation of model systems provided with 
the invention, wUl become more readily apparent by refemng to the exemplary . 
and therefore nonlimiting, embodiments illustrated in the drawings 
accompanying and fonnmg a part of this specification. It should be noted that 
the features illustrated in the drawings are not necessarily drawn to scale. 

Figs. 1 A and IB show two schematic views of a battery (Fig. 1 A before 
activation; Fig IB after activation), representing an embodiment of the 
invention. 

Fig- 2 shows a comparison ofthe discharge rate cap^Hfity ofa- . 
conventional thin-film lithium battery (dashed tines) witha ba^enrhavm^^ 
in-sim plated lithium anode (solid lines), representing an anbotoent oTAe 

invention. 

Fig. 3 shows ihe'discharge capacity as a function of cycle number for a 
baiterv- having an m-situ plated lithium anode, representing an embodiment of 
the invention. 

Fig. 4 shows an initial cycle of a thm-film lithium banery ^-irh in-situ 
plated lithium anode, but without the overlayer S. 

Fi2. 5 shows the cyclical performance of the banery given in Fig. 4. 
,3 Fig. 6 shows the cyclical performance of another battery- having an in- 

situ plated luhmm anode representing an embodiment of the invention. 

DESCRIPTION OF PREFERRED EMBODIMENTS 

A rechargeable thin-film battery according to the invention is referred to 
herein as a battery- with an in-situ activation plated anode. Tne invemion and 
30 the vanous features and advantageous details thereof are explained more ftilly 

with reference to the non-Umiting embodiments that are illustrated in the 
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accompanying drawings and detailed m the following description of prefened 
embodiments. Descriptions of well-known components and processmg 

techniques are omitted so as not to unnecessarily obscure the invention m detail. 

The banery with an in-situ activation plated anode is provided m an as- 
fabricated state including a cathode, an electrolyte fihn, an anode current 
collector, and an overlying layer. The cathodecan be made of LiCoO,, 
UMn.0.etc. The electrolyte film .s made of a solid inorg^mic material. This 
solid morganxc material can be Upon. Upon is defined herein as lithium 
phosphorus oxynitride, which is an amorphous inorganic compound having an 
optimal stoichiometry of approximately U,.P03.,No.^- Upon and lithium | 
queries are described by U.S. Patent Nos. 5.612,152; 5,597,660; 5,569,520; 
5,567,210; 5,561,004; 5,512,147; 5,455.126; 5,338,625; 5.332,906; and 
5 314 765 all of which are incorporated herein in their entirety. 

' Thethinvfilmmetalanodecunentcollectordoesnotforminter-^^^^ 

compoimds witlv^itfaium^andWn^ 

Y. Zr. La^Hf; Ta,.Mo ^c. and ^^^^^^^^^T 
current coUector U directlyldipositoro^^ 
such as Upon. The overlying layer can a^ be i&rfe^orL^ 

The battery in the as-fabricated state has no anode material. In the as- 
fabricated state, the banery ts not air-sensitive. The batter>' in this state survives 
heatiro at 250<=C m air for 10 minutes without charge/discharge capacity 
degradation. This heating is comparable to that encountered in conventional 

solder re-flow techniques. 

The battery is activated during an initial charging of the batter>-. Dunng 
the initial charging the in-situ activation plated anode is formed by 
electrochemical plating of metallic Uthium on the anode current coUector which 
.s located between the electrolyte layer and the overhang layer. The lithium 
metal can be reversibly deposited and removed by plating and stopping of 
metaiUc Uthium metal fromjheelec«>lyte/^^^ -menace 
30" withou7any si"^s of degradation. During the dej^bsuion an'd removal of lithium 
nietal the anode currem collector along w.th the overlayer is lifted up and set 
dov^Ti fronvonto the electrolyte layer, respectively. 
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This process becomes highly reversible only when an overlying film is 
deposited onto the anode current collector. Then, the battery with an in-sini 
activation plated anode performs as a lithium thin-film banery that is configtired 
with the respective cathode. The coulombic efficiency of the lithium metal 
5 plating and stripping process approaches 100% when the Uthium metal is 

completely stripped during discharge of the banery. 

Figs. 1 A-IB illustrate scherhatic views of the banery of the present 
invention at different charge states. Typically, a cathode current collector 2, 
such as gold or platinum, approximately 3000 A thick, is deposited onto an 
10 alumina substrate 1 by sputtering of the respective metal target in argon. The 

alumina substrate 1 can be replaced by other ceramk substrates suitable for thxn 
film batteries such as silica, zirconia, or AIN (aluminum nitride), by 
semiconductors such as silicon or germanium, by a metal foil (Al, Ti, stainless 
steel, etc.), or in some cases (see below) by a plastic substrate. 
15 A cafeodc fihn 3. that is &om approximately O.Oi to 5 mic gm tfnck, 

and made of a fitltium transiti<^ metal oxide such as UC062 OT^ 
deposited ov«ffie<:^oaeairfett coUectar 2 by physical or chemical^film-. 
techniques, such as sputtering, electron beam^ev;q»ration, CVD, etc. After 
deposition of cathode fihn 3 and collector 2, the substrate I is placed in a 
^0 furnace and heated in air or in a flowing gas atmosphere of O2, N2, Ar, H2, or 

mixtures thereof, to a temperamre of from approximately 400 to 900°C m order 
to cr>stalUze the cathode film 3 and adjust its stoichiometry. The cathode fihn 
3 can also be used in an as-deposited amorphous state with no subsequent heat 
treatmem after deposition m which case the batter>- can be fabricated on a 

25 plastic substrate. 

.An electrolyte film 4, approximately I -2 microns thick, can be made of 
lithium phosphorus oxynitride deposited over the cathode film 3 by radio 
frequency magnetron sputtering of a Li:-PO. target in N: at pressures bet^.'een 
approximately 3 to 20 mTorr at a deposition rate of approximately 10-200 
^,0 A^in. Lithium phosphorus oxymtnde provides the desired properties of a 

lithium electrolyte, including stability against metallic Uthium, and stability 
aoainst the cathodes (up to 5.5 volts versus lithium). Lithium phosphorus 
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oxynitride also provides^a low Li-H ion resistance of approximately 50 ohms per 
square centimeter for a one-micrometer film, and an Li+ ion transport number 
of umty , (i.e., Li+ is the only mobile species), | 

.^n anode current collector 5, approximately 0.005 to 20 microns, 
5 preferably approximately 0.05 to 2 imcrons thick, is deposited on top o 

electrolyte film 4. The anode current collector 5 is made of a material that, in 
general, does not form inter-metallic compounds with Uthium. Examples 
include scandium, titanium, vanadiiin, chromium, manganese, iron, cobalt, 
nickel, copper, yttrium, zirconium, lanthanum, hafnium, molybdenum, 
1 0 tantalum, tungsten, or titanium nitrid4, etc. The anode current collector 5 

should be thermodynamically stable with regard to a plated lithium metal 7. 

Finally, an overlying layer 6 is deposited over the anode current 
collector 5. This overlying layer 6 can approximately range from approximately 
O.Ol to 30 microns, prefOTbly from ai^oximat^ly 0.1-3 m in thickness. The 

^^s^mixawsaaSats large volume changes during 
Ibattoy-disdiiaige) of Uthium. The 

overlying layer can be loade of a material such as lithium phosphorus 
oxynitride, aluminium nitride, etc. Some preferred embodiments use aluminium 
20 nitride. 

The overhing layer 6 provides a limited reaction with metallic lithium, 
and forms an impervious barrier to transport of atomic lithium. The overlying 
layer also acts as an electronic insulator, and maintains a smooth flat interface 
upon accumulation of the underlying, electrochemically plated lithium anode. 
25 Lithium phosphorus oxynitride provides these desired overlying layer 

properties. 

The sandwich structure of the battery with an ui-situ activation plated 
anode includes the electrolvie film 4 on the bottom, the anode current collector 
5 m the middle, and the overhang layer 6. The sandwich sirucmre is configured 
30 to ensure^that the electrochemicalVplaied lithium- metal-? is confined toa 

predetermined geometry. The sandwich structure also prevents formation of a 
fluffy or mossy lithium morphology- thai is commonly observed when plating 
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lithium metal onto metal current collectors thai do not form inter-metalUc 

compounds A^-ith lithium. 

Since the as-fabricated battery does not contain any air-sensitive anode 
material, the battery can be handled for hours in ambient conditions, or more 
5 preferably in a dry environment without the need for any protective coating. In 

order to ensure a long shelf Ufe, the battery can be hermetically scaled inside a 
plastic bag or any other suitable container, or optionally a protective coating 8 
that is impervious to moiswre and does not react with the overlying layer 6. 
Protective coating 8 can be directly deposited onto the battery. For the plastic 
1 0 bag or the protective coaling, plastic films such as polytetrafluorbethylene, 

polyethylene, parylene, etc., can be used. During operation, the banery with an 
in-situ activation plated anode can be hermetically sealed by ultraviolet-cured 
epoxy (not shown) or a ceramic cap (not shown) such as sintered .MN. SijN^ 
etc., which, in this case, makes the protective coating 8 imnecessMy . 
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Alternate embodimeins of^ ^^^'^yj^j'?^^^ incorporate very 

thin-fibn anode curroit collectors, that do not ftinn finrth^ mter-mc^ 
compounds with Uthium after ^g saturated with lithium during battery 
charge. After saturation, these anode current collectors virtually convert into 
Uthium metal due to the very high concentration of lithium compared to the 
constituent element in the anode current collectors. Examples of such anode 
current collectors include Mg. Ca, Sr, Ba, B, Al, Ga, In, Tl, C, Si, Ge, Sn, Pb, 
Sb. Bi, Zn, Pd, Ag, Cd, ?t. Au etc.. and alloys thereof. In addition, typical 
anode compounds such as SnO, SnO., SiTON, LuTisC: can be used as the 
ver>- thin lithium-allo>'ing layer. SiTON is defined herein as silicon tin 
oxvTiitride and is an amorphous, inorganic compound having a stoichiometr>- 
Si^SnbOvNz where a ^ b=2, y is less than or equal to 4, and z is larger than zero 
but less than or equal lo 2.67. A tvp.cal S.TON composition is SiSno.^ON , 9, 
although one important SiTON composition is SnNi j3. 

The overl^-ing layer 6 can be replaced by other films showing the 
required electrical, chemical and mechanical properties. Examples of such 
films include BeO. .MgO. CaO. SrO, BaO, BN, AGS", SiO^, SijX.. SijN.O. 
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Sc^03 Y.O3, LaaCh, ThO:. Li.Be^O,, LuBeO,, ^.5^0.. LUSiO., LigSiOe, 
LiScO^. LiYO., LisZrOe . LiCeO,, LiF, LiCl, LiBr. Lil. and derivatives thereof. 

Also, the overlying layer 6 can be replaced by other films that form an. 
imperx'ious barrier to transport of atomic lithium while maintaining a smooth 
flat interface for accumulation of the underlying, electrochemically plated 
lithium anode. Metals in which lithium shows virtually no solubility, such as 
Be Zr,Ta,W etc., and alloys thereofcan be used. In addition, plastics such as 
polyteirafluoroethylene, polyethylene, parylene etc. can be utiUzed m fibn form 
for this purpose. 

3 1 The particular material selected for the various layers of the batteT> with 

an in-situ activation plated anode is not essential to the invention, as long as 
each of the materials provides the described fimction. Normally, those who 
make or use the invention will select the best commercially available material 
based upon fee economics of cost and availabiUty. the expected appUcation 
i..mp«t«n«its of the final product, and the demands of the overall manufacmring 
process. 

- -- - The particular manufa^ 

activation plated anode should be inexpensive and reproducible. Conveniently, 
manufacture of a battery with an m-situ activation plated anode of the invention 
can be earned out by using man^- different deposition methods for the various 
layers. 

However, the particular manufacturing process used for the batter>' *-ith 
an m-situ activation plated anode is not essential to the invention as long as it 
orcvides the described functionaUtv'. Normally, those who make or use the 
mvemion will select the manufacturing process based upon tooling and energ> 
requirements, the e.xpected application requirements of the fmal product, and 
the demands of the overall manufacturing process. 

Examples 

Specific^mbodiments otvthe invention wm^^^^ 
the followmg, non-limiting examples which serve to illustrate in some detail 
v-anous features of significance. The examples are intended merely to facilitate 
an understanding of ways m which the invention may be practiced and to 
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further enable those of skill in the art to practicrthe invention. Accordingly) the 
examples should not be construed as Umiting the scope of the invention. 

Example I - Copper Anode Current Collector 
Figure 2 shows a comparison of the rate capability of a battery with an 
in-situ activation plated Uthium anode (soUd lines) and a conventional lithium 
battery (dashed lines), cycled, between 4.2 volts and 3 0 volts. The voltage 
window varies with the choice of cathode material; LiMn204 (4.5-2.8V), 
LiNiO: (4.2-2.5V), LiV.Os (3.6.2.5V), etc. Each of the batteries had an area of 
one square centimeter. The battery with an in-situ activation plated litiiium 
, anode had a one micron thick Lipon overlying layer, a thousand angstrom thick 

copper anode current collector, a two micron thick Lipon electrolyte fihn, a one 
micron tiiick LiCoO^ cathode film, and an in-situ plated lithium anode. The 
conventional Uthium battery had a three-micron thick Uthium anode, a one 
micron thick I^n el^trol^tc layer, and a one micron thick LiCoOj ca^ 
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th^;^ffty:>^& an in-situ ac^ 
during the ini^^e. During the initial charge, metaUic Uthium was plaied 
betv^een the^anode current collector and the Lipon electrolyte layer. The 
capacity is given in umts of <inicro-ampere hours (uAh) per unit of area and per 
20 micrometer thickness of LiCo02 cathode. 

The cycle performance as a fimction of voltage window and cycle 
number is illustrated in Figure 3 for one embodiment of the invention. Figure 3 
shows the discharge capacity of a 1 cm2 battery with in-situ plated lithium 
anode of the construction 1 Mm Lipon / 1000 A Cu / 2 um Lipon / 1.0 ^m 
25 LiCoO, as a function of cycle number. The battery was heated at 250 °C in air 

for 1 0 minutes prior to the initial charge in order to simulate a heat treatment 
that exceeds the conditions encountered dunng a solder re-flow process. The 
batter>' with m-situ plated lithium anode was cycled between 4.2 volts and 3.0 
volts. In this voltage range, virtually all of the reversible cycled Uthium was 
^,0 stripped and re-plated underneath tiie copper anode current collector during 

discharge and charge of the battery, respectively. The data shows that almost 
ihe cnmc amount of lithium that was plateddunng the initial charge can be 
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reversibly cycled. With this complete lithium turnover, the cycle stability 
remains excellent and shows no measurable capacity loss after 50 cycles in this 
voltage range. When operated at a low current density of 5 ^A/cm^ the battery 
with an in-situ activation plated lithium anode nearly yields the theoretical limit 
5 of 100% cathode utilization, which is fixed at 69 nAh per cm^ for a 1.0 nm 

thick LiCoOj cathode. 

The capacity suppUed by the example I battery at 5 ^A/cm2 between 
4.2 volts and 3.0 volts is represented by the filled circle at cycle no. 51 in 
Figure 3. This capacity is readily compared with the maximum reversible 
1 0 capacity of a battery equipped with a 1 cm" by 1 ^m large LiCoO. cathode 

indicated in Figure 3 by the dashed line. This comparison clearly demonstrates 
the unexpected excellent reversibihty of the lithium stripping and plaung 
process for batteries with in-situ activation plated Uthium anodes. Also, note 
that the coulombic efficiency, i.e., the ratio of disch^e capacity and charge 
1 5 capacity of the preceding half-cycle, is nearly 100%. ~ . "T77^1„ _ 

As previously mentioned, the battery with an in-atu activika pbtoij^i^ 
lithium anode shown in Figure 3 washeated at 250 for- 10 T ri nmi e s in .air ,J _ 
prior to the initial charge. This heat treatment exceeds the cxmditkos 
encountered during a solder re-flow process, and the reversible capacity 
20 supplied at the given current density of 1 00 ^A/cm" is virtually the same as for 

unheated conventional LuLiCoO. thin-film batteries. Therefore, the battery with 
an in-situ activation plated lithium anode is shown to be capable of surviving a 
solder re- flow assembly without any signs of degradation in cell pCTfomiance. 
Figure 4 shows that a thin-film battery with an in-situ activation plated 
25 Uthium anode on a copper anode current collector without the Lipon overling 

layer loses abnost 50% of its initial charge capacity during the first discharge. 
The battery evaluated in Figure 4 includes a 1 cm" 1500 A Cu / 2 \im Lipon / 
1 .7 um LiCoCb battery without a Lipon overlying layer. 

Over the ne.\t 70 cycles, the cycling performance of the baner>- without 
30 the Lipon overlying layer deteriorates dramatically as show-n by Figure 5. 

Figure 5 shows the cycling perfomiance of a 1 cm" 1 500 A Cu / 2 um Lipon / 
1 .7 um LiCoOi batteT>' without the Lipon overlying layer. Figs 4-5 clearly 
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identify th^bencfit of the above-mcntioied Upon overlying layer which 
enables the banery to reversibly plate and strip metallic lithium in a controlled 
fashion. 

The benefit of the Lipon overlying layer is ftirthcr corroborated by the 
obser>-ation made under a scanning electron microscope that the top surface of 
the banery with an in-situ activation plated Uthium anode remains smooth after 
1000 cycles. In contrast, batteries without the Lipon overlying layer show a 
ver>' rough surface consisting of the anode current collector and mossy metallic 
lithium, after only a few cycles. 

Example 2 - Cobalt Anode Current Collector 
Figure 6 shows the cyclical performance of a second example of the 
battery with an in-situ activation plated lithium anode. The second example has 
an area of 1 cm- and a construction of I um Lipon / 1000 A Co / 2 ^m Lipon / 
0.9^mLiCoO2- Inthevohagerangepf4:2to3.0vohs,viituaUyaUofthe 
~15 revet^ljlecyctedlithiiim was stripped firom awl re-plat<rf 

anode curmtt coUectoT during discharge and charge of the battery, r^ 

The capacity supplied at 5 MA/cm^ between 4.2 to 3.0 vohs (fun circle & cycte 

no. 52) nearly yields the maximum reversible capacity of a battery equipped 
with a 1 cm- X 0.9 nucrbn large LiCoO. cathode, which is indicated in Figure 6 
20 for comparison. 

Practical Applications of the Invention 
A practical application of the invention that has value within the 
lechnological arts is to generally replace conventional thin-film rechargeable 
lithium baneries where the hlhium anode is deposited in a separate fabrication 
25 step, such as thermal evaporation of lithium metal in a vacuum of 10^ mbar or 

better. In contrast to conventional thin-film lithium batteries, the battery of the 
present invention can be integrated into electronic circuit boards usmg the 
solder re-flow technique. There are virtually innumerable uses for the 
invention, all of which need not be detailed here. 
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Advantages of the Invention 
Because stripping of the entire metallic lithium anode is substantially 
reversible, the battery with an in-situ activation plated anode cannot be over- 
discharged, even if shotted. By hilly discharging, the batteiy with an in-sim 
activation plated anode can berenimed to its as-febricated state at any time after 

the initial charge. 

Hermetically sealing of the battery inside a plastic bag or directly 

applymg a protective coating to the battery with an in-situ activation plated 
anode g^ves the battery a long shelf Ufe. The plastic bag or the protective 
coatmg is preferably substantially impervious to moismre and does not re^t 

with the overlying layer. 

Because the battery with an in-situ activation plated anode has no anode 
in the as-fabricated state, high capacity loss during the initial charge, which is a 
major problem for titoim ion tfain-film b^«ies, is eUmiMted. ^ 
1 3 battery with an xa-sOxi act»v^^ r 
lithium thin- film battoy, ' 

high air-sensitivity at all tiioMv 

The batteiy overcomes the inherent probtenis^b^^^ 

and the Uthium battery that are outlined above. The battery can be handled and 
processed as a Uthium ion or an "anode-less" Uthium battery prior to the imtial 
charge The battery can be handled and processed as a lithium ion or an 
•'anode-less" Uthium battery after charging, provided the plated Uthium has been 
completelv stnpped from the anode current collector. During electrochemical 
cvcUne, however, the battery operates as a Uthium battery and utiUzes the 
amoun't of lithium that is suppUed by the cathode. The banery exceeds the 
requirements for the solder re-flow process, showing no signs of degradation m 
ceU performance after being heated at 250 in air for 10 minutes. 

M\ the disclosed embodiments of the invention described herein can be 
realized and practiced w^thom undue experim^uation^ Although the best mode 
Tf^'ing~ouTtheinvWoncomemplated^rthemvelit^^^^^ 
practice of the invention is not limited thereto. Accordingly, it will be 
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appreciated by thos^ skilled in the ait that the invention may be practiced 
otherwise than as specifically described herein. 

For example, the individual components need not be formed in the 
disclosed shapes, or assembled in the disclosed configuration, but could be 
provided in virtually any shape, and assembled in virtually any configuration. 
Further, the individual components need not be fabricated from the disclosed 
matenals, but could be fabricated from virtually any suitable materials. Further, 
although the banery descnbed herein can be a physically separate module, it 
will be manifest that the battery with an in-sim activation plated anode may be 
mteerated into the apparatus with which it is associated. Furthermore, all the 
disclosed elements and features of each disclosed embodiment can be combmed 
with, or substituted for, the disclosed elements and features of every other 
disclosed embodiment except where such elements or features are mumally 

exclusive. \ 

It vnn be manifest that various additidns, modifications and 

rearrangements of the feati^ of the invention may be made without deviating 
from the spirit and scope ofthe underlying invei^ve concept. It is intended that 

the scope of the invention as defined by the appended claims and theji 
equivalents cover all such additions, modifications, and rearrangements. The 
0 appended claims are not to be interpreted as including means-plus- function 

lumtations, unless such a limitation is explicitly recited in a given claim usmg 
the phrase "means-for." Expedient embodiments of the invention are 
differentiated by the appended subclaims. 
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CLAIMS 

What is claimed is: 

1 A thin-fihn rechargeable battery, comprising: 
, a cathode fibn including a lithium transition metal oxide; 

; an electrolyte film coupled to the cathode film, the electrolyte film being 

4 substantially non-reactive with oxidizmg matenals and with metallic lithium; 

3 an anode current collector coupled to the electrolyte film; and 

6 an overlying layer coupled to the anode current collector, wherein the 

thm-film rechargeable banery is activated during a charge by electrochemical 
S platmg of a metalUc Uthium anode between the anode currem collector and the 

9 electrolyte film. 

4 theov«lyinglay«:issiA^ti^^^^^ 

^ 3 The thin-fihn rechargeable battery ofclaim4. wherein the 

overlying laver, the anode current collector, and the electrolyte film provide: 
essentially reversible stripping of the metallic lithium anode durmg a 
first discharge of the thin-film rechargeable battery; 

electrochemical plating of a pluralit>' of subsequently plated metaUic 
Uthium anodes dunng correspondmg charges of the thm-film rechargeable 
bauery, the platmg of each of the subsequently plated metalUc lithium anodes 
occumng after a corresponding discharge of the thm-film rechargeable battery ; 
9 and 

essennallv reversible stripping of the subsequently plated metalbc 
lithium anodes~during subs"eq-irenrd " " 
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4. The thin-film rechargeable battery of claim I . wherein the 
overlying layer, the anode cuireni collector and the electrolyte film are 
figured to confine the metalUc lithium anode. 



con 



5. The thin-film rechargeable battery of claim I . ftirther 
comprising: 

a cathode current collector coupled to the cathode film; and a substraie 
coupled to the cathode current collector. 

6. The thin-film rechargeable battery of claim 1 . wherein the 
overKing layer acts as an insulator; 

provides an impeI^'ious barrier to atomic hthium transport; and 
is responsive to the electrochemical platin g of a tnetaBic.litMuin anode 
so as to maintain a substantially fet sar&eer.^:^-^- - -r^.^.rsrr^;:.^^,:^ :> 



7. 



The thin-film rechargeable battery of claim l.wbeOT 

overlayer includes at least one material selected fiom the group consisting of 
lithium phosphorus oxynitride, aluminium oitride, BeO, MgO, CaO, SrO, BaO, 
BN. AIN. SiO,, Si3N4, Si:N,0, Sc.O:.. Y.Oj- La^O,, ThQ., Li^Be^O,, Li^eO-., 
Li5A,0., LuSiO.. Li3Si06, LiScCb, LiYO., LisZi06. LiCeCh, LiF. LiCL LiBr. 
Lil, Be, Zr, Ta. W. pol>tetrafluoroethylene, polyethylene, and parylene. 

S. The ihin-film rechargeable baner>' of claim 1 . wherein; 

ihe electrolyte film comprises lithium phosphorus oxyTiitride ha^-ing a 
thickness of from approximately 1 to approximately 2 microns; and 

the overlying layer comprises lithium phosphorus oxynitride having a 
thickness of from approximately O.l to approximately 3.0 microns. 



I 9. 



The thin-film rechargeable battery of claim I, having less than 



five percent discharge capacity loss after: 



3 ^ heating at approximately 25Q*C for approximately ten minutes prior to 

4 the initial charge; and 

5 at least fifty charge and discharge cycles in a voltage range of from 

6 approximately 4 . 5 to approximately 2. 5 volts. 

1 10. The thin-film rechargeable battery of claim I . wherein: 

the cathode fitai has a thickness in a range from approximately 0.0 1 to 
3 approximately 5.0 microns; and 

the lithium transition metal oxide comprises Uthiimi and oxygen , and at 
least one element selected from the groups consisting of colxmms EB-Vin B of 



4 



3 



6 the periodic table. 

1 11. The thin-fihn rechargeable battery of claim 1 , further comprismg 

2 a itfotective cqatii^ coupled to tbe overiying Uyer, the protective coaling being 

3 3^ ^^twg^>^^ to moistntc and sybstantiaUy nonreactive with the 



5 



J ^12. The thin-film rechargeable battery of claim 2, wherein: 

7 the anode current collector has a thickness of from approximately 0.05 

3 to approximately 2 microns; and 

4 the anode current coUector includes at least one member selected from 
the group consisting of scandium, titanium, vanadium, chromium, manganese, 

6 iron, cobalt, nickel, copper, yttrium, zirconium, lanthanum, hafiiium, 

7 molybdenum, tantalum, tungsten, and titanium nitride. 

1 13. The thin-film rechargeable batters' of claim 3, wherein the 

2 overK-ing layer accommodates volume changes during the reversible stripping 

3 and the electrochemical plating. 



J 14. The thin-fihn rechargeable battery of claim 5, wherein the 

2 cathode current collector: 

3 includes a noble metal; and^ 



PCT/US00/««97 

WOM/606S9 

4 has a thickness in the raoage of firom approximately 0.02 to - 

5 approximately 1 micron. 

1 1 5. A method for forming a thin-film battery, comprismg: 

2 providing a substrate; 

3 depositing a cathode current collector on the substrate; 

4 depositing a cathode film on the cathode current coUector, the cathode 

5 fibn including a lithium transition metal oxide; 

6 depositing an electrolyte fibn on the cathode film; 

7 depositing an anode current collector 'on the electrohte film; 
depositing an overlying layer on the anode current collector; and 
plating metallic Uthium between the anode current layer and the 

electrolyte fihn, the metallic Uthium forming an anode. 



8 
9 
10 



I 

2 

3 iiitrogeD-rich atifiosfAere. 



sputtering a Li3P04 target in a 




1 1 7. The method of claim 1 5, fiirther comprising heating the cathode , 

2 film and cathode current collector coated substrate in a flowing gas amiosphere 

3 to a temperamre in the range of approximately 400 to 900 =C. 

1 18. The method of claim 15, wherein: 

-) the cathode current collector includes a nobie meial: and 

3 depositing the cathode current collector includes spunering a target 

4 made of a noble metal in an argon atmosphere. 

\ 19. The method of claim 16, wherein: 

2 sputtering of the Li:.P04 target includes radio frequenc y magnetron 

3 sputtering; and 

4 the deposition rate of the depositing of the electroKte film is in a range 



5 from approximately 1 0 to 200 angstroms per minute. 
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